Parkinson protein 2, E3 ubiquitin protein ligase (PARK2) gene mutations are the most frequent causes of autosomal recessive early onset Parkinson's disease and juvenile Parkinson disease. Parkin deficiency has also been linked to other human pathologies, for example, sporadic Parkinson disease, Alzheimer disease, autism, and cancer. PARK2 primary transcript undergoes an extensive alternative splicing, which enhances transcriptomic diversification. To date several PARK2 splice variants have been identified; however, the expression and distribution of parkin isoforms have not been deeply investigated yet. Here, the currently known PARK2 gene transcripts and relative predicted encoded proteins in human, rat, and mouse are reviewed. By analyzing the literature, we highlight the existing data showing the presence of multiple parkin isoforms in the brain. Their expression emerges from conflicting results regarding the electrophoretic mobility of the protein, but it is also assumed from discrepant observations on the cellular and tissue distribution of parkin. Although the characterization of each predicted isoforms is complex, since they often diverge only for few amino acids, analysis of their expression patterns in the brain might account for the different pathogenetic effects linked to PARK2 gene mutations.
Introduction
Homozygous or compound heterozygous mutations of Parkinson protein 2, E3 ubiquitin protein ligase (PARK2) geneare cause (50% of cases) of autosomal recessive forms of PD, usually without atypical clinical features. PARK2 mutations also explain ∼15% of the sporadic cases with onset before 45 [1, 2] and act as susceptibility alleles for late-onset forms of Parkinson disease (2% of cases) [3] . Along with Parkinsonism forms, PARK2 gene has been linked to other human pathologies, such as Alzheimer disease [4] , autism [5] , multiple sclerosis [6] , cancer [7, 8] , leprosy [9] , type 2 diabetes mellitus [10] , and myositis [11] .
PARK2 gene is located in the long arm of chromosome 6 (6q25.2-q27) and spans more than 1.38 Mb [12, 13] . From the cloning of the first human cDNA [12, 13] , PARK2 genomic organization was thought to include only 12 exons encoding one transcript. Many evidences now demonstrate the existence of additional exonic sequences, which can be alternatively included or skipped in mature mRNAs. To date, dozens of PARK2 splice transcripts have been described [14] and have been demonstrated to be differentially expressed in tissue and cells [15] [16] [17] [18] [19] [20] [21] . These multiple PARK2 splice variants potentially encode for a wide range of distinct protein isoforms with different structures and molecular architectures. However, the characterization and the distribution of these isoforms have not been deeply detailed yet. While studying PARK2 splice variants mRNAs is relatively simple, differentiating protein isoforms is more complex, since they often diverge only for few amino acids. The complexity of this task could explain the small number of scientific papers on this topic. However, solving this riddle is fundamental to comprehend the precise role of PARK2 in human diseases. The tissue and cell specific expression pattern of PARK2 isoforms, in fact, might account for the different pathogenetic effects linked to this gene.
In this review, we briefly describe the structure of PARK2 gene, its currently known transcript products, and the predicted encoded protein isoforms expressed in human, rat and mouse; the latter are two commonly used animal models for studying human diseases. Then, we illustrate the expression of these isoforms by recapitulating the major literature evidences already available, which have previously unknowingly demonstrated their existence. We focus on the expression and cellular distribution of parkin isoforms in the brain. Finally, we collect in a panel the different parkin antibodies, commercially available, which could be useful for the characterization of the isoforms expression and distribution.
PARK2 Alternative Splice Transcripts Produce Isoforms with Different Structures and Functions
To date, 26 human different cDNAs, corresponding to 21 unique PARK2 alternative splice variants, have been described and are summarized in Figure 1 and Table 1 . These mature transcripts are derived from the combination of 17 different exonic regions. Similarly, 20 PARK2 transcripts (20 exons) have been characterized in rat ( Figure 2 and Table 2 ) and 9 (15 exons) in mouse ( Figure 3 and Table 3 ). All of them have been carefully described in our previous paper [14] . For each of these variants, the encoded protein isoform, the corresponding molecular weight, and isoelectric point have been predicted and reported in Tables 1, 2 , and 3. H8/H17, H9/H13, and H7/H18 isoforms show the same molecular weight and isoelectric point (Table 1) , since they have the same amino acid composition; similarly, R2/R7/R14, R17/R18, and R3/R16 show the same primary structure, as shown in Table 2 . Although equal, these proteins are encoded by different splice variants which probably produce the same protein with different efficiency. In addition to primary structures, molecular architectures and domains composition have also been evaluated ( Figures  1, 2 , and 3 panels (b) and (c)). As previously described, the original (canonical) PARK2 protein (Accession number BAA25751.1) [12] comprises an N-terminal ubiquitin-like (UBQ) domain and two C-terminal in-between ring fingers (IBR) domains. The UBQ domain targets specific protein substrates for proteasome degradation, whereas IBR domains occur between pairs of ring fingers and play a role in protein quality control. PARK2 encoded isoforms structurally diverge from the canonic one for the presence or absence of the UBQ domain and for one of or both IBR domains. Moreover, when the UBQ domain is present, it often differs in length from that of the canonical sequence. Interestingly, some isoforms miss all of these domains.
The different molecular architectures and domain composition of isoforms might roughly alter also their functions. Parkin protein acts as an E3 ubiquitin ligase and is responsible of substrates recognition for proteasome-mediated degradation. PARK2 tags various types of proteins, including cytosolic (Synphilin-1, Pael-R, CDCrel-1 and 2a, -synuclein, p22, and Synaptotagmin XI) [25] [26] [27] [28] [29] , nuclear (Cyclin E) [15] , and mitochondrial ones (MFN1 and MFN2, VDAC,  TOM70, TOM40 and TOM20, BAK, MIRO1 and MIRO2 , and FIS1) [30] [31] [32] [33] [34] . The number of targets is so high that parkin protein results involved in numerous molecular pathways (proteasome-degradation, mitochondrial homeostasis, mitophagy, mitochondrial DNA stability, and regulation of cellular cycle). To date it is unknown if all these functions are mediated by a single protein or by different isoforms. However, considering that parkin mRNAs have a different expression and distribution in tissues and cells [14] , which should be also mirrored at the protein level, it is reasonable to hypotisize that these distinct isoforms might perfom specific functions and could be differentially expressed in each cellular phenotype. Each PARK2 splice variants may acts in different manner to suit cell specific needs. This hypothesis is supported by previous evidences showing different and even opposite functions of other splice variants, such as BCl2L12 pattern expression related to cellular phenotype [35] . Finally, based on the extensive alternative splicing process of PARK2 gene, we cannot rule out that additional splice variants with different functions (beyond those listed) may exist.
Evidences of Multiple Parkin Isoforms in Brain
A remarkable number of papers have demonstrated the existence, in human and other species, of different mRNA parkin variants [15] [16] [17] [18] [19] [20] [21] . However, few of them have investigated parkin isoforms existence, and some have done it without the awareness of PARK2 complex splicing [23, 36, 37] . In fact, although many mRNA parkin splice variants have been cloned, the corresponding proteins have been only deduced through the analysis of the longest open reading frame and uploaded on protein databases as predicted sequences. To date many questions are still unanswered: Are all mRNA parkin splice variants translated? Does a different expression pattern of parkin proteins, in tissue and cells, exist? Does each protein isoform have a specific function? In the following paragraphs we try to answer these questions by summarizing the knowledge accumulated over the last three decades on parkin expression and distribution in human, rat, and mouse brain. Existing data are reinterpreted by considering the complexity level of PARK2 gene splicing described above. Many conflicting data emerges in the literature regarding the number and relative electrophoretic mobility of parkin proteins. While the majority of papers reported only a band of ∼52 kDa corresponding to the canonical parkin isoform, also known as full length parkin, additional bands (from ∼22 kDa to ∼100 kDa) both in rodent [23, 28, [36] [37] [38] [39] [40] [41] Parkin was observed both in rat central and peripheral nervous system. Two major bands of ∼50 and ∼44 kDa were recognized in cell extracts from rat Substantia Nigra (SN) and cerebellum by western blot analysis. In adrenal glands there were visualized several immunoreactive bands of 50, 69-66, and 89 kDa [36] . Additional bands were also observed in primary cultures of cortical type I astrocytes [37] .
Similar result was observed in mouse brain homogenate: a major band of 50 kDa and fainter bands of ∼40 and 85/118 kDa were identified on immunoblot. In all these papers, lower and higher molecular weight bands were described as posttranslational modification or proteolytic cleavage of 52 kDa canonical protein or heterodimers resulting from the interaction of parkin with other proteins [42] . However, we speculate that they might correspond to multiple parkin isoforms with different molecular weight.
In knocked-out mice for parkin exon 2, several unexpected bands were also observed on immunoblot. This was interpreted as antibody cross-reactivity with nonauthentic parkin protein [46] . However, as shown in Figure 3 , these bands might represent isoforms encoded by splice variants not containing the deleted exon (i.e., M5 and M4).
Parkin expression was also demonstrated in human brains of normal and sporadic Parkinson disease (PD) subjects, but it was absent in any regions of AR-JP brain [22, 23] . A major band of 52 kDa and a second fainter band of ∼41 kDa were observed on immunoblot from human frontal cortex of PD patients and control subjects [22] . Parkin expression was also observed in Lewy bodies (LBs), characteristic neuronal inclusions in PD brain. However, in this regard we highlight widely varying results. Initially, the parkin protein expression was reported in neurons of the SN, locus coeruleus, putamen, and frontal lobe cortex of sporadic PD and control individuals but no parkin-immunoreactivity (IR) was found in SN LBs of PD patients [22, 23] . Later on, parkin-IR was described in nigral LBs of four related human disorders, sporadic PD, -synuclein-linked PD, LB positive parkin-linked PD, and dementia with LBs (DBL) [24] . These discrepant results might be due to the antibodies used. In fact, as shown in Table 4 , aligning the epitope sequence recognized by the antibody to each isoform sequence, we discovered that every antibody identifies a pool of different isoforms.
In accord with this hypothesis, we also explain discordant results observed by Schlossmacher et al. (2002) regarding the cellular distribution of the protein. In fact, they described strongly labeled cores of classical intracellular LBs in pigmented neurons of the SN in PD and DLB patients by using HP2A antibody, whereas HP1A and HP7A antibodies intensively labeled cytoplasmic parkin, in a granular pattern, of cell bodies and proximal neurites of dopaminergic neurons in both diseased and normal brains [24] . These results might represent a different cellular expression profile of parkin isoforms in healthy and diseased human brains. This hypothesis is supported by another study demonstrating a different expression profile of parkin mRNA splice variants in frontal cortex of patients with common dementia with LB, pure form of dementia with LB, and Alzheimer disease suggesting the direct involvement of isoform-expression deregulation in the development of such neurodegenerative disorders [17] . To date there exists only one paper that has dealt with parkin amino acid sequencing [47] . Trying to ensure that the signal observed on human serum by western blot analysis belongs to parkin protein, they cut off the area on the blot between 50 and 55 kDa in two separate pieces and performed a MALDI-TOF analysis on each. Peptides peaks analysis revealed the presence of six other proteins with similar sequence to canonical one. However, authors did not even speculate that they could represent additional parkin isoforms.
Further evidences on the existence of multiple isoforms come from the conflicting data on their tissue and cellular distribution. Parkin protein is particularly abundant in the mammalian brain and retina [22, 23, 36, 48, 49] . In human, parkin immunoreactivity (IR) has been observed in SN, locus coeruleus, putamen, and frontal lobe cortex [22, 23] . Similarly, it has been strongly measured in rat hippocampus, amygdaloid nucleus, endopiriform nucleus, cerebral cortex, colliculus, and SN (pars compacta and pars reticulata) [37, 50] .
Analog parkin distribution was reported in mouse. Most immunoreactive cells were found in the hindbrain. In the cerebellum only the cells within the cerebellar nuclei were positive, while the structures located in the mesencephalon presented moderate to strong immunopositivity. In the ventral part of the mesencephalon the red nucleus showed large strongly stained cells. In the SN moderate parkin immunoreactivity was confined to the pars reticulate. In the dorsal mesencephalon, immunopositive cells were found in the intermediate and deep gray layer of the superior colliculus and in all parts of the inferior colliculus [12, 36, 41, 51] .
Although in most brain regions good correlations between parkin-IR and mRNA were observed, incongruent data emerged from some paper in rat SNc (substantia nigra pars compacta), hippocampus, and cerebellar Purkinje cells distribution, where mRNA was detected but no parkin-IR was revealed [23, 36] .
Furthermore, in an early study, parkin was described in cytoplasm, in granular structure, and in neuronal processes but was absent in the nucleus [22] . Subsequently other studies reported also its nuclear localization [23, 37, 48, [52] [53] [54] . Finally, some papers have also observed a small mitochondrial pool of the protein [55, 56] . All these evidences have suggested that protein could localize to specific subcellular structure under some circumstances. However, it is also reasonably hypothesized that a specific pattern of subcellular distribution of parkin isoforms is related to each cellular phenotype, since in all these papers, protein immunolocalization was performed by using antibodies recognizing different epitopes. Some discrepancies are also observed in the expression of parkin in the SNc of patients affected by other forms of parkinsonism [23] .
Brain isoforms might have different species-specific biochemical characteristics, when comparing murine versus human parkin. In fact, it has been shown that mouse protein is easily extracted from brain by high salt buffer, instead human parkin is only extracted with harsher buffers, especially in elderly. This suggested that human parkin becomes modified or interacts with other molecules with age, and this alters its biochemical properties [42] . However, we cannot rule out that this may correlate to a specific expression pattern of isoforms with different biochemical properties in the brains of rodents and humans relative to age.
All of these observations were also supported by contradictory results emerging from clinical studies. Initially, recessive mutations in the parkin gene were related to sporadic early onset parkinsonism [2] ; however, the mode of transmission was subsequently rejected by other genetic studies with not only homozygous or compound heterozygous mutations, but also single heterozygous mutations, affecting only one allele of the gene [2, [57] [58] [59] [60] [61] . It has been suggested that haploinsufficiency is a risk factor for disease, but certain mutations are dominant, conferring dominant-negative or toxic gain of functions of parkin protein [61] . However, in light of the evidence outlined above, it is possible that some single heterozygous mutation might affect gene expression by inducing loss of function of some isoforms and gain of function of other.
The Diversified Panel of Antibodies Commercially Available against PARK2
To date more than 160 PARK2 antibodies are commercially available. They are obtained from different species (generally rabbit or mouse) and commercialized by various companies. Table 5 lists 32 commercially available PARK2 antibodies whose immunogens used are specified by providers in datasheet. Some of them recognize a common epitope, therefore, have been included in the same group. Tables 6,  7 , and 8 report, respectively, human, rat, and mouse parkin isoforms recognized by these antibodies. When the amino acid sequence recognized by the antibody perfectly match with the sequence of the protein, it is very likely to get a signal by western blot or immunohistochemistry analysis (this is indicated in the table by "Yes"). Instead, if the antibody recognizes at least 8 consecutive amino acids on the protein, it is likely to visualize a signal both by western blot or immunohistochemistry analysis (this is indicated in the table by "May be"). Finally, if the antibody recognizes less than 8 consecutive amino acids, it could rule out the possibility to visualize a signal on immunoblot or immunohistochemistry analysis (this is indicated in the table by "No"). The use of these 32 antibodies may allow the identification of at least 15 different PARK2 epitopes (Table 5) . Although no epitope is isoform specific, the combinatorial use of antibodies targeting different protein regions may provide a precious aid to decode the exact spectrum of PARK2 isoforms expressed in tissues and cells. An example of combinatorial use of antibodies has been reported in Figure 4 . On rat brain homogenate, these five antibodies raised against different parkin epitopes, revealed the canonical ∼50 kDa band, but additional putative bands of higher and lower molecular weight were visualized. This experimental data reinforce the existence of more than one parkin isoform and confirm that the investigation of 
Conclusion
Alternative splicing is a complex molecular mechanism that increases the functional diversity without the need for gene duplication. Alternative splicing performs a crucial regulatory role by altering the localization, function, and expression level of gene products, often in response to the activities of key signaling pathways [62] . PARK2 gene, as the vast majority of multiexon genes in humans, undergoes alternative splicing [14, 63, 64] . The importance of alternative splicing in the regulation of diverse biological processes is highlighted by the growing list of human diseases associated with known or suspected splicing defects, including PD [65] .
Mutations that affect PARK2 splicing could modify the levels of correctly spliced transcripts, alter their localization, and lead to a loss of function of some of them and/or gain of function of others in time-and cell-specific manner. Even if few, some evidences supporting this hypothesis have been already described. Preliminary studies reported PARK2 isoforms with defective degradation activity of cyclin E and control of cellular cycle [15] or characterized by altered solubility and intracellular localization [66] . No evidence of gain of function has been reported, but it is plausible, because a functional screen of the PARK2 splice variants has not been done yet. The huge number of molecular targets attributed to full-size parkin protein could be shared by the others parkin isoforms which could have additional biological activities that until now are uncosidered. In light of this consideration, alteration of the natural splicing of PARK2 and deregulation in the expression of parkin isoforms might lead to the selective degeneration of dopaminergic neurons in SN of ARJP. However this is a hypothesis, since the functional screen of the PARK2 splice variants is not available and this field is still unexplored.
All these could, at least in part, justifying the conflicting and heterogeneous data of studies revised in this work, which preceded the knowledge of PARK2 alternative splicing and expression of multiple isoforms for this gene. Understanding PARK2 alternative splicing could open up new scenarios for the resolution of some Parkinsonian syndrome.
